Outcomes are suboptimal when molecularly targeted therapies are used in patient populations unselected for the molecular target. This pilot study examines the correlation of PET using 11 C-labeled 4-N-(3-bromoanilino)-6,7-dimethoxyquinazoline ( 11 C-PD153035), an imaging biomarker of epidermal growth factor receptor (EGFR), with outcomes in patients with nonsmall cell lung cancer (NSCLC) treated with the EGFR tyrosine kinase inhibitor erlotinib. Methods: Patients with advanced chemotherapy-refractory NSCLC were prospectively enrolled on a trial of erlotinib at a dose of 150 mg daily and imaged by 11 C-PD153035 PET/CT at baseline, after 1-2 wk, and after 6 wk from the start of treatment. Overall survival and progressionfree survival (OS and PFS, respectively) times were correlated with the 11 C-PD153035 standardized uptake value (SUV) at each of the imaging times. Results: Twenty-one patients were enrolled. Follow-up to progression was complete in all patients and to death in 18 of 21. By Cox regression analysis, baseline maximum SUV correlated strongly with OS and PFS (hazard ratio 5 0.40, P 5 0.002, and hazard ratio 5 0.044, P , 0.001, respectively) independent of histology. Patients with higher maximum SUV ($median) survived more than twice as long as patients with lower maximum SUV (median OS 5 11.4 vs. 4.6 mo, P 5 0.002; PFS 5 4.4 vs. 1.8 mo, P , 0.001). However, 11 C-PD153035 uptake on follow-up scans was less well correlated with survival. Conclusion: Our preliminary results suggest 11 C-PD153035 PET/CT may be a noninvasive and rapid method for identifying patients with refractory advanced NSCLC of adenocarcinoma or squamous histology likely to respond to the EGFR tyrosine kinase inhibitor but not for monitoring treatment response.
cause of cancer deaths in the world (1) . Chemotherapy, the mainstay of treatment in advanced disease, is only modestly effective (2, 3) . In recent years, the epidermal growth factor receptor (EGFR) pathway has been found to be an important driver of tumor progression in various cancers, including NSCLC, and thus an attractive therapeutic target. The 2 most commonly used tyrosine kinase inhibitors (TKIs) targeting EGFR are gefitinib (Tarceva; Genentech/ OSI Pharmaceuticals) and erlotinib (Iressa; AstraZeneca).
When using molecularly targeted drugs, identifying the presence of the molecular target is crucial to achieving optimal outcomes. For example, in the first-line setting, the Asian Iressa Pan-Asia Study demonstrated that even in patients selected by clinical features for responsiveness to gefitinib, patients with wild-type EGFR had significantly worse survival with gefitinib than with conventional chemotherapy, whereas the reverse was true in patients with activating mutations in EGFR (4) . However, in the setting of second-line therapy and beyond, the National Cancer Institute of Canada (NCIC) Clinical Trials Group BR.21 trial demonstrated superiority of erlotinib over placebo (5) and the INTEREST trial demonstrated the noninferiority of gefitinib, compared with docetaxel (6) , both in unselected chemotherapy-refractory patient populations. Interestingly, neither study found EGFR mutations to be significantly predictive of improved survival with EGFRTKIs (7, 8) , indicating the need for additional predictors of outcomes for optimal patient selection.
11 C-labeled 4-N-(3-bromoanilino)-6,7-dimethoxyquinazoline ( 11 C-PD153035), a positron-emitting analog of the EGFR-TKI PD153035, was developed as a noninvasive imaging biomarker for tumor EGFR status using PET (9) . We previously demonstrated preclinically that 11 C-PD153035 tumor uptake correlates with EGFR expression (10) and characterized its biodistribution in healthy human volunteers as well as demonstrated tumor uptake in patients with NSCLC (11) . Therefore, 11 C-PD153035 PET/CT has the potential to serve as an imaging biomarker for predicting which patients will benefit most from EGFR-TKI treatment.
In this study, we sought to determine whether 11 C-PD153035 PET/CT correlated with outcomes in patients treated with erlotinib for advanced chemotherapy-refractory NSCLC.
MATERIALS AND METHODS

Patients and Eligibility
This was a prospective study of serial 11 C-PD153035 PET/CT before and during treatment in patients receiving erlotinib for advanced NSCLC refractory to chemotherapy. Eligible patients had to have biopsy-proven NSCLC and progression on at least 1 chemotherapy regimen documented by CT. Every patient had to provide written consent to participate in this study, which was approved by the Institutional Review Board and the ethics committee at Shandong Cancer Hospital.
Treatment
Patients received erlotinib at an oral dose of 150 mg daily. Treatment continued until disease progression or the advent of intolerable adverse effects.
PET/CT
Automated synthesis and 11 C-radiolabeling of PD153035 from its precursor (ABX GmbH) were performed with a TRACERlab FX C system (GE Healthcare) and prepared for human use as described previously (10, 11) . Baseline 11 C-PD153035 PET/CT was performed within 1 wk before the initiation of treatment, and follow-up 11 C-PD153035 PET/CT was performed at 1-2 wk and 6 wk after the start of treatment. The time of 6 wk was chosen because radiographic responses by CT to EGFR-TKIs are often evident by that time. Combined PET/CT scans were obtained with the patient supine using a PET/CT scanner (Discovery LS; GE Healthcare) capable of multislice helical CT for anatomic imaging and attenuation correction. No specific dietary instructions were given to the patients before or after PET/CT.
A dynamic emission acquisition sequence was started 20 min after the intravenous injection of 280.3 6 113.6 MBq of 11 C-PD153035. Images were acquired for a total of 3 min at each of 2 bed positions covering the neck and thorax. The time point of 20 min after injection was based on an unpublished observation from a prior pilot human study (11) that tumor uptake tended to be stable after 20 min. The abdomen was excluded because the prior human study demonstrated diffuse high uptake in the abdomen (11) . PET data were reconstructed on a 128 · 128 matrix (slice thickness, 4.25 mm) using the ordered-subsets expectation maximization algorithm with 8 iterations and 4 subsets.
For standardized uptake value (SUV) analysis, 11 C-PD153035 dynamic PET data at each bed position were summed over the total 3-min acquisition time to obtain static images of higher signal-to-noise ratio. The image slice with the maximum tumoral SUV was averaged with the 2 adjacent axial slices (1 plane above and 1 plane below the chosen slice) to improve count statistics, and the maximum value (SUV max ) within the tumor region of interest was scored for each patient. SUV was calculated using the following formula: (measured activity concentration [Bq/mL] · body weight [g])/injected activity (Bq).
Response Evaluation
Contrast CT scans for treatment monitoring were acquired in all patients within 1 wk before and at 6-wk intervals after the start of the treatment, or sooner if indicated by clinical progression. An experienced radiologist who was unaware of the clinical course of patients interpreted each study, and response scoring was based on the response evaluation criteria in solid tumors (12) . The best response was recorded for each patient.
Statistical Analysis
Overall survival and progression-free survival (OS and PFS, respectively) times were measured from the start of the treatment to the date of death or progression based on CT. Patients who were alive at the date of the last follow-up were censored for OS on that date. Patients who died without progressive disease documented were considered to have had progressive disease at the time of death. The correlation between 11 C-PD153035 SUV and survival was analyzed by Cox regression analysis (13) , and actuarial survival estimates were calculated according to the Kaplan-Meier method (14) . With the Cox regression analysis, the SUV covariate was analyzed as a continuous linear variable, and with the Kaplan-Meier analysis, SUV was dichotomized into 2 groups separated by the median SUV. Before entering a variable into the Cox model, the proportional hazards assumption was assessed graphically by evaluating the log-minus-log survival plot. The baseline Cox regression model for OS and PFS included only the SUV covariate. To assess the effect of potential confounding covariates, we constructed Cox models with SUV and the potential confounders. The correlation between 11 C-PD153035 SUV at different time points was assessed with a Pearson correlation coefficient. All statistical tests were 2-sided, and P values less than 0.05 were considered significant. Statistical analysis was performed using SAS software (version 9.2; SAS Institute Inc.). 
RESULTS
Patients and Overall Outcomes
Twenty-one patients were enrolled at Shandong Cancer Hospital for the 11 Table 1 . All patients had biopsy-proven adenocarcinoma or squamous cell carcinoma. However, genotyping for EGFR mutation status, immunohistochemistry for EGFR protein expression, and EGFR gene copy number determination were not routinely performed and therefore not available for analysis. Follow-up to progression was complete in all patients, and all patients progressed before death. At the time of this analysis, 18 of 21 patients had died. Median follow-up time was 7.5 mo.
All patients were treated with oral erlotinib per the protocol. Three patients also received radiation therapy for palliation of osseous metastases during the course of the study. The individual survival outcomes are detailed in Table 2 , along with all parameters recorded in the study. Four patients (patients 6, 8, 13, and 19) had clinical progression and received CT scans before the scheduled 6-wk evaluation time point. Two patients (patients 1 and 4) progressed clinically shortly after the 6-wk CT documented stable disease and were scored as having progression at the tabulated time points. Figure 1 shows the Kaplan-Meier estimated OS and PFS for the cohort. The median OS and PFS were 7.5 and 2.8 mo, respectively. The 6-mo actuarial OS and PFS rates were 62% and 14%, respectively.
C-PD153035 PET/CT and Correlation with Outcomes
All patients underwent baseline 11 C-PD153035 PET/CT. Three patients underwent only the baseline scan. An additional 2 patients did not undergo the third scan because of clinical deterioration. Therefore, 11 C-PD153035 PET/CT after 1-2 wk was available in 18 patients and after 6 wk in 16 patients. The baseline 11 C-PD153035 PET/CT was performed 1.4 6 0.9 d before the start of treatment, and follow-up scans were obtained at 10.8 6 3.1 d (1.4 6 0.5 wk) and 43.7 6 2.9 d (6.0 6 0.4 wk) after the start of treatment. The SUV max at each time point is detailed in Table 2 , as are the relative changes between the duringtreatment and baseline scans.
Baseline 11 C-PD153035 SUV max correlated strongly and highly significantly with OS and PFS times (Fig. 2) . On Cox regression analysis, each unit increase in SUV max reduced the hazard of death by 60% (hazard ratio [HR] 5 0.40; 95% confidence interval [CI] 5 0.22-0.70; P 5 0.002) and reduced the hazard of progression by 96% (HR 5 0.044; 95% CI 5 0.01-0.22; P , 0.001) (also apparent visually in Fig. 2) . Figure 3 shows an example of a patient with a high baseline SUV max who had a good response by CT to erlotinib and remained alive at nearly 12 mo of follow-up. low SUVs tended to increase by 6 wk whereas initially high SUVs tended to decrease. For the Kaplan-Meier survival analysis, patients were stratified by greater or less than the median baseline 11 C-PD153035 SUV max of 2.92 (Fig. 4) . Patients with a baseline SUV max of 2.92 or greater had significantly longer median OS (11.4 vs. 4.6 mo) and higher 6-mo OS (91% vs. 30%) than did patients with an SUV max of less than 2.92 (P 5 0.002). Similarly, median PFS (4.4 vs. 1.8 mo) and 6-mo PFS (27% vs. 0%) were significantly better with high versus low SUV max (P , 0.001).
Other Factors
We assessed the role of potential confounders and their effect on the association between baseline 11 C-PD153035 SUV max and outcome (Supplemental Table 1 ; supplemental materials are available online only at http://jnm.snmjournals. org online only). After controlling for histology, baseline 11 C-PD153035 SUV max continued to predict OS (HR 5 0.36, P 5 0.002) and PFS (HR 5 0.043, P , 0.001). After adjusting for smoking history (current or former vs. none), baseline 11 C-PD153035 SUV max continued to predict OS (HR 5 0.31, P 5 0.002) and PFS (HR 5 0.079, P , 0.001). Finally, after controlling for the number of prior chemotherapy regimens (1 vs. 2-3), baseline 11 C-PD153035 SUV max continued to predict OS (HR 5 0.42, P 5 0.004) and PFS (HR 5 0.076, P , 0.001). That the HRs for OS and PFS remain relatively unchanged after adjusting for each of these parameters suggests that they were unlikely to confound the relationship between baseline 11 C-PD153035 SUV max and outcome.
DISCUSSION
This prospective study provides the first, to our knowledge, evidence that 11 C-PD153035 PET/CT can predict outcomes in patients treated with EGFR-TKI for advanced chemotherapy-refractory NSCLC. Several of the findings in this study are notable.
The patient population in this study is similar to those of the INTEREST and NCIC BR.21 trials in comprising patients with advanced chemotherapy-refractory NSCLC, albeit with a greater proportion of patients who received 2 or more prior chemotherapy regimens (71% vs. 16%-49%) but who also had a higher proportion of adenocarcinoma (71% vs. 50%-54%), were never smokers (52% vs. 20%), and were of Asian ethnicity (100% vs. 19%-22%) (5, 6) . We observed a median OS comparable to those in the EGFR-TKI arms of those trials (7.5 mo vs. 6.7-7.6 mo).
When stratified by above or below the median baseline 11 C-PD153035 SUV max of 2.92, the highly significant difference between median OS of 11.4 versus 4.6 mo appears similar in magnitude to the impact of EGFR molecular markers in the EGFR-TKI treatment arms of the BR.21 and INTEREST trials (median OS with vs. without the presence of the markers 5 ;9-14 mo vs. ;6 mo) (7, 8) . Corresponding CT slices from before treatment (C and D) and 6 wk after treatment (E and F). Patient 15, with higher baseline SUV max , had marked radiographic improvement by 6 wk after erlotinib was initiated (A, C, and E). Tumor progression ultimately occurred at 5.5 mo, and patient remained alive at last follow-up of 11.8 mo. However, patient 13, with lower baseline SUV max , had radiographic progression 6 wk after erlotinib was initiated (B, D, and F) and died within 2.6 mo.
However, those 2 trials had disparate findings regarding which molecular markers were predictive: EGFR expression and copy number but not mutation status in BR.21 (7, 8) and vice versa in INTEREST (but not reaching statistical significance between treatment arms) (8) . As an imaging biomarker, 11 C-PD153035 PET/CT has the advantage of being noninvasive and thus potentially more widely applicable and should be less susceptible to sampling inadequacy because it provides an assessment of the entire tumor volume.
These advantages of 11 C-PD153035 PET/CT raise the question of whether this biomarker correlates with one or more of the known EGFR tissue biomarkers and whether it provides independent information. An unfortunate limitation of this study was the inability to obtain the tissue biomarkers for comparison to imaging. In a preclinical study, uptake of 11 C-PD153035 in different cell lines and their corresponding xenografts correlated strongly with the level of EGFR protein expression (10) . A preclinical study of a related PET tracer, 11 C-erlotinib, found that, similarly, the uptake was highest in the cell line with the highest EGFR expression, but this was also the cell line that harbored an activating mutation in EGFR (15) . Thus, uptake of radiolabeled EGFR-TKIs might correlate with more than one EGFR biomarker.
Another interesting observation in this study was that the relationship of outcomes with 11 C-PD153035 PET/CT in adenocarcinomas appeared no different from that in squamous cell carcinomas, which rarely harbor the common EGFR-activating mutations (16) as reflected by the unchanged HRs with and without adjustment for histology. Although the number of patients was too small to make strong conclusions, this observation would suggest that this imaging biomarker may provide information complementary to the tissue biomarkers of EGFR and have value in a broader patient population.
Finally, serial imaging with 11 C-PD153035 PET/CT revealed that the later follow-up time point (at ;6 wk after the start of erlotinib therapy) yielded no useful prognostic information beyond what was provided by the baseline scan. The strong correlation between the early follow-up scan and the baseline scan suggests that there is a time window of about 1-2 wk around the start of therapy within which 11 C-PD153035 PET/CT may be useful for outcome prediction. Zander et al. (17) and Sohn et al. (18) found that 18 F-FDG PET and 18 F-FLT PET, respectively, early in the course of treatment could predict outcomes to EGFR-TKI treatment. An advantage of 11 C-PD153035 is the ability to predict response before the start of therapy.
Although we failed to see a correlation between outcome and 11 C-PD153035 SUV max at 6 wk, fewer patients underwent scans at later time points, reducing the power to detect a correlation if one in fact existed. Additionally, a more robust method of analyzing the data would have been to use time-dependent models, which would account for the within-person correlation of SUV at different time points; however, the small sample size limited our ability to use this approach.
CONCLUSION
The promising results of this study justify a larger trial of 11 C-PD153035 PET/CT in populations of patients receiving EGFR-TKIs for NSCLC that includes correlation with EGFR tissue biomarkers.
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